Little is known about the relationship between acute kidney injury (AKI) and outcomes after acute exacerbation of chronic obstructive pulmonary disease (AECOPD). We aimed to investigate associations between AKI and readmission risks after hospitalization for AECOPD. Methods: A retrospective, population-based cohort study using State Inpatient Databases from seven U.S. states (Arkansas, California, Florida, Iowa, Nebraska, New York, and Utah) from 2010 through 2013. We identified all adults (aged ≥40 years) hospitalized for AECOPD during the study period. Among them, we further identified patients with a concurrent diagnosis of new AKI. The outcome measures were any-cause readmissions within 30 days and 90 days after hospitalization for AECOPD. To determine associations between AKI and readmission risk, we constructed Cox proportional hazards models examining the time-to-readmission. We also identified the primary reason of readmission. Results: We identified 356,990 patients hospitalized for AECOPD. The median age was 71 years and 41.9% were male. Of these, 24,833 (7.0%) had a concurrent diagnosis of AKI. Overall, patients with AKI had significantly higher risk of 30-day all-cause readmission compared to those without AKI (hazard ratio 1.47; 95% CI 1.43-1.51; P < 0.001). Likewise, patients with AKI had significantly higher risk of 90-day all-cause readmission (hazard ratio 1.35; 95% CI 1.32-1.38; P < 0.001). These associations remained significant after adjustment for confounders (both P < 0.05). Additionally, patients with AKI were likely to be readmitted for non-respiratory reasons including sepsis, acute renal failure, and congestive heart failure. Conclusions: Among patients hospitalized for AECOPD, patients with AKI were at higher risk of 30-day and 90-day readmission, particularly with non-respiratory reasons.
Background
Acute exacerbation of chronic obstructive pulmonary disease (AECOPD) is a major public health burden accounting for 600,000 hospitalizations in the US annually [1] . As a readmission after hospitalization for AECOPD is a common and costly event [2, 3] , investigating its characteristics and risks are important. Acute kidney injury (AKI) is another important public health burden; the incidence of AKI has been reported to be 5% of hospitalized patients and 30% of critically ill patients [4] . These two acute conditions share similar pathobiology in the development and progression, such as systemic inflammation [5] .
The literature has reported relationships between these two conditions. For example, according a study using clinical database of the United Kingdom, the incidence and prevalence of AKI were higher in patients with COPD compared to those reported in previous studies in general populations and hospitalizations [6] . Additionally, cross-sectional studies have also reported that patients hospitalized for AECOPD with AKI had higher in-hospital mortality, compared to those without AKI [6, 7] . Despite the clinical importance, no longitudinal study has investigated whether AKI is associated with the subsequent risk of readmissions in patients hospitalized for AECOPD-a population with large morbidity burden and healthcare use.
To address this knowledge gap, we aimed to investigate the association of AKI with all-cause readmissions within 30 and 90 days after hospitalization for AECOPD.
Methods

Study design and setting
We conducted a retrospective cohort study using large, population-based data from the Healthcare Cost and Utilization Project (HCUP) State Inpatient Database (SID) of seven geographically-dispersed US states (Arkansas, California, Florida, Iowa, Nebraska, New York, and Utah) from 2010 through 2013. The HCUP is a family of healthcare databases that are developed through a federal-state-industry partnership and sponsored by the Agency for Healthcare Research and Quality (AHRQ). The HCUP is the largest collection of longitudinal hospital care data in the US, with all-payer, encounter-level information. The HCUP SIDs capture all hospitalizations, regardless of source of disposition, from acute care, non-federal, general and other specialty hospitals within the participating states [8] . These seven states were selected for their high data quality, geographic distribution, and mainly because their data included unique encrypted patient identifiers that enable longitudinal follow-up of specific individuals across years (including identification of readmissions). The institutional review board of Massachusetts General Hospital approved this study.
Study population
We identified all hospitalized adult patients (aged > 40 years) with a principal discharge diagnosis of COPD, as defined by the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnosis codes of 491. 21, 491.22, 491.8, 491.9, 492.8, 493.20, 493.21, 493.22, and 496 , or those with a primary diagnosis of respiratory failure (codes 518.81, 518.82, 518.84, and 799.1) and a secondary diagnosis of COPD [9, 10] . In the current analysis, we used only the first hospitalizations of the eligible patients during the study period. We also excluded patients who left the hospital against medical advice, those who died in-hospital at their index hospitalization, those who were transferred to another acute-care facility, and out-of-state residents.
Measurements
The SID contain information on the patient characteristics, including demographics (age, sex, and race/ethnicity), primary insurance type (payer), quartiles for estimated household income, patient residence, ICD-9-CM diagnosis and procedure codes, patient comorbidities (29 Elixhauser comorbidity measures and arrhythmia), hospital course (e.g., hospital length-of-stay, in-hospital death), and disposition.
Primary exposure
The primary exposure was the development of inhospital AKI during the index hospitalization for AECOPD, as defined by the ICD-9-CM diagnostic codes of 584.5, 584.6, 584.7, 584.8, and 584.9 in any diagnostic fields [11] [12] [13] , with excluding AKI as an admission diagnosis. Additionally, we also identified AKI with the use of dialysis, defined as having both of AKI (diagnostic codes, 584.5-584.9) and hemodialysis (procedure code of 39.95 or diagnostic code of V45.1, V56.0 or V56.1) [11, 12] .
Outcome measures
The outcome measures were readmission attributable to any cause within 30 and 90 days of discharge from the index hospitalization for AECOPD. In the COPD literature, 30-day readmission rates have been investigated [9, 13, 14] in the context of the Centers for Medicare and Medicaid Services' Hospital Readmissions Reduction Program (HRRP) [15] ; 90-day readmission rates have also been recognized as an important clinical indicator [16, 17] . The secondary outcome measure was the primary discharge diagnosis of the readmission. To make data presentation and interpretation more meaningful, we consolidated the principal discharge diagnoses (> 14,000 ICD-9-CM diagnosis codes) into 285 mutually exclusive diagnostic categories by using the AHRQ-defined Clinical Classifications Software (CCS) [18] .
Statistical analysis
First, we compared the patient characteristics between patients with and without AKI by using Wilcoxon rank sum test or chi-squared test, as appropriate. We also compared Kaplan-Meier curves between the two groups with the use of the log-rank test. Next, we modeled the time-to-readmission by fitting Cox proportional hazards models with generalized estimating equations accounting for patient clustering within hospitals (e.g., severity of patients, physicians' preference in disease management within hospitals) [19, 20] . The time-to-readmission for each patient was defined as the period from the discharge to when the first readmission occurred within the 30-day and 90day follow-up periods. Patients who did not have an outcome were censored at 30 days (or 90 days) from discharge or in-hospital death during the corresponding follow-up period, whichever occurred first. We fitted Cox proportional hazards model with adjustment for potential confounders, such as age, sex, race/ethnicity, primary insurance, quartiles for median household income, residential status, length-of-stay at the index hospitalization, hospital state, and 28 Elixhauser comorbidities as well as arrhythmia [21, 22] . Furthermore, as sensitivity analyses, we repeated the analysis with stratifications by age category (40-64 years and ≥ 65 years) and sex as previous studies have reported age-and sex-related differences in the readmission rate after hospitalization for AECOPD [9, 13, 14] . Additionally, we repeated the analysis with stratifications by presence of renal failure (or chronic kidney disease [CKD]) indicated in the Elixhauser comorbidities. Lastly, we compared the 30-day and 90day readmission rates and calculated the unadjusted and adjusted hazard ratios among patients without AKI, those with AKI without dialysis use, and healthcare use and with AKI and dialysis use. We primarily conducted an available case analysis, and examined consistency with the results of complete case analysis. All analyses used STATA 14.0 (STATA Corp, College Station, TX). All P values were two-tailed, with P < 0.05 considered statistically significant.
Results
We first identified 385,604 patients hospitalized for AECOPD in the seven U.S. states. From these, we excluded 6911 patients who left the hospital against medical advice, 5613 patients who died in-hospital at the index hospitalization, 4378 patients who were transferred to another acute-care facility, and 11,712 out-of-state residents. Finally, a total of 356,990 patients were eligible for the present analysis (Supplemental Figure 1 ). Overall, the median age was 71 years, 41.9% were male, and 73.9% were non-Hispanic white; 7.0% had a new diagnosis of AKI during the index hospitalization. The patient characteristics differed between patients with AKI and those without AKI (Table 1 )-for example, the AKI group was more likely to be older and male. Overall, 58,076 (16.3%) patients had at least one readmission within 30 days after their index hospitalization, and 112,917 (31.6%) had at least one readmission within 90 days after their hospitalization (Supplemental Table 1 ).
The Kaplan-Meier survival curves demonstrated a significant difference in the risk of all-cause 30-day and 90-day readmission between patients with AKI and those without AKI (P < 0.001, Figs. 1 and 2). In the unadjusted Cox proportional hazards model, patients with AKI had a significantly higher risk of 30day readmission when compared to those without AKI (hazard ratio [HR] 1.47; 95%CI 1.43-1.51; P < 0.001; Table 2 ). In the adjusted model, the significant association persisted (HR 1.07; 95%CI 1.04-1.11; P < 0.001). Likewise, with regard to all-cause 90-day readmission, patients with AKI had a significantly higher risk of 90-day readmission (HR 1.35; 95%CI 1.32-1.38; P < 0.001; Table 3 ). The significant association also persisted after adjustment for potential confounders (HR 1.03; 95%CI 1.00-1.05; P = 0.04). With stratifications by age, sex and presence of CKD indicated in the Elixhauser comorbidities, these associations remained significant in patients aged ≥65 years, women, and patients without CKD (all P < 0.05, Tables 2 and 3 ). There was a statistically significant interaction between AKI and the presence of CKD on the risks of 30-day and 90-day readmission after hospitalization for AECOPD (both P interaction < 0.05). The complete case analyses also showed consistent results (Supplemental Tables 2, 3 and 4 ). In the stratified analysis by dialysis use, both AKI groups had higher 30-day and 90-day readmission rates, compared with those without AKI (unadjusted P < 0.001; Supplemental Table 5 ). Despite the limited statistical power in this stratified analysis, the association between AKI and higher 30-day readmission rate remained significant after adjustment in the AKI without hemodialysis group.
Among patients without AKI, the most frequent primary cause for 30-day readmission was COPD, followed by pneumonia, respiratory failure, and asthma; Table 4 ). By contrast, patients with AKI were more likely to be readmitted due to non-respiratory diseases (e.g., sepsis, acute renal failure, congestive heart failure). The five most frequent causes of readmission were not different between 30-day and 90day readmissions after hospitalization for AECOPD (Table 4 and Supplemental Table 6 ).
Discussion
In this large population-based study of 356,990 patients hospitalized for AECOPD in the seven U.S. states, we found that patients with AKI had a 50% higher risk of all-cause readmissions during 30 days after their index hospitalization when compared to those without AKI. This significant association persisted after the adjustment for potential confounders. The limited epidemiological literature has indicated the association of acute kidney disease with COPD [23] . For example, a retrospective cohort study using electronic medical records in Taiwan showed that COPD is associated with a higher risk of development of AKI [23] . Furthermore, among patients hospitalized for AECOPD, those with AKI had approximately 2-fold higher mortality rate within 6 months compared to those without AKI [6] . Our findings based on the large population-based data corroborate these prior studies, and extend them by demonstrating the longitudinal association of AKI with a higher risk of all-cause readmission after hospitalization for AECOPD. The underlying mechanisms of the observed association of AKI with higher risks of readmission after hospitalization for AECOPD warrant clarification. In the present study, part of the association was attributable to the differences in patient-level sociodemographic factors, hospital length-of-stay and comorbidities between the two target populations. However, despite the rigorous adjustment, AKI remained an independent risk factor for readmission in patients hospitalized for AECOPD. This finding suggests that there are other factors predisposing patients with AKI to worse clinical outcomes. One potential mechanism is impaired immunity following AKI [24, 25] . Indeed, studies have showed that AKI is a risk factor for subsequent infection (e.g., incident active tuberculosis infection [26] and sepsis [27] ). Consistently, we observed that the most frequent primary cause of readmission was sepsis in the patients with AKI, while the most common cause was COPD in those without AKI. Furthermore, AKI-related systemic inflammation [5] and volume overload [28] may add to the existent morbidity in patients hospitalized for AECOPD. These potential mechanisms may have independently or jointly contributed to worse disease control of COPD, exacerbation of existent comorbidities, and increased disease susceptibility, thereby leading to greater healthcare utilization in patients with concurrent AECOPD and AKI. Additionally, we also observed the age-and sex-related difference in the association of AKI with readmission risks after hospitalization for AECOPD. Consistently, previous epidemiologic studies have also indicated the age and sex-related difference in severity of AKI, morbidity and mortality after AKI in other disease populations [6, 12, [29] [30] [31] [32] [33] . These data collectively suggest the interplay between the patient biological characteristics Fig. 1 Kaplan-Meier survival estimates of all-cause readmission risk during 30-day period after the index hospitalization for acute exacerbation of chronic obstructive pulmonary disease. Patients with acute kidney injury (AKI) had a significantly higher risk of all-cause readmission during 30day period after the index hospitalization, compared to those without AKI (P log-rank < 0.001) (age, sex), AKI, and AECOPD, and their integrated contributions to subsequent morbidity risk, which merits further investigations.
Our study has several potential limitations. First, in this large population-based study, detailed information on renal function was unavailable. Yet, adjusting for the Elixhauser comorbidities should have accounted, at least partially, for potential confounding by this factor. Additionally, to account for the potential effect of AKI severity, we also performed the sensitivity analysis stratified by use of dialysis. Second, as we used administrative datasets, there may be misclassifications, such as misdiagnosis of AECOPD and AKI. Nevertheless, the ICD-9-CM codes for COPD are widely used [8, 9] , and the HCUP data are rigorously tested and considered accurate [13, [34] [35] [36] . Additionally, while the literature showed that the ICD-9-CM codes for AKI had a high specificity and low Fig. 2 Kaplan-Meier survival estimates of all-cause readmission risk during 90-day period after the index hospitalization for acute exacerbation of chronic obstructive pulmonary disease. Patients with acute kidney injury (AKI) had a significantly higher risk of all-cause readmission during 90day period after the index hospitalization, compared to those without AKI (P log-rank < 0.001) Table 2 Hazard ratio for all-cause readmission during 30-day periods after index hospitalization for acute exacerbation of chronic obstructive pulmonary disease, according to acute kidney injury, overall and stratified by age category and sex and chronic kidney disease 30- [37] , underdiagnoses or misclassifications of AKI at the index hospitalization are likely to have occurred equally regardless of the subsequent outcomes, which would have biased our estimates toward the null. Third, SIDs do not capture information on outof-hospital deaths, which precluded us from accounting for this potential competing risk. In contrast, we accounted for the potential effect of in-hospital deaths during the follow-up periods. Fourth, as with any observational study, the causal inference of AKI with readmission risks might be confounded by unmeasured factors (e.g., access to ambulatory healthcare, patient's health behavior). Lastly, the studied data are not a random sample of all individuals with AECOPD in the U.S. However, the seven geographically-dispersed states represent approximately 27% of the U.S. population, thereby supporting the generalizability of our inferences.
Conclusions
In the large population-based database of 356,990 patients hospitalized for AECOPD across seven US states, we found that patients with AKI had a significantly higher risk of all-cause readmissions during The primary diagnosis codes (> 14,000 ICD-9-CM diagnosis codes) are consolidated into 285 mutually exclusive diagnostic categories by using the AHRQ-defined Clinical Classifications Software 30 and 90 days after their index hospitalization, compared to those without AKI. For clinicians, our findings underscore the importance of prevention of AKI and post-discharge care in this population. For researchers, our findings should facilitate further investigations into the mechanisms underlying the COPD-AKI link to develop preventive and therapeutic interventions in this population with large morbidity burden and healthcare use.
